Although several conventional surface treatments have been used on feldspathic ceramic, a few studies investigated the effects of the irradiation with Er: YAG laser using different parameters. The aim of this in vitro study was to evaluate the shear bond strength of a resin cement to feldspathic ceramic, after the application of different surface treatments, especially the irradiation with Er:YAG laser. Forty-two discs made of a feldspathic ceramic were divided into six groups (n = 7): G1: control group -10% hydrofluoric acid (HF), G2: Air abrasion with Al 2 O 3 + HF; G3: Er: YAG laser with 500 mJ/4Hz, G4: Er: YAG laser with 500 mJ/4Hz: + HF; G5: Er: YAG laser with 400 mJ/6Hz and G6: Er:YAG laser with 400 mJ/6Hz + HF. After this, all the specimens were treated with silane, and then a resin cement cylinder was built on the treated ceramic surface. After 24 h at 37 o C, specimens were submitted to the shear bond strenght test and stereoscopic evaluation to determine the type of failure. The mean bond strength values (MPa) obtained were: G1 -17.55, G2 -18.80, G3 -21.80, G4 -12.62, G5 -and 15.81 G6-11.59. After performing the ANOVA and Tukey's test, it was concluded that the group irradiated with Er:YAG laser at 500mJ/4Hz performed similarly to the groups that received the conventional treatments, such as hydrofluoric acid etching and the combination of air abrasion plus hydrofluoric acid, and was higher than the other groups irradiated with Er:YAG laser. Keywords: feldspathic ceramic, Er:YAG laser, aluminum oxide, hydrofluoric acid. G1 -17,55, G2 -18,80, G3 -21,80, G4 -12,62, G5 -15,81 e G6-11,59 
INTRODUCTION
Ceramic restorations are outstanding among the innumerable existent esthetic treatments, as they make it possible to restore form and function in both anterior and posterior teeth. The excellent esthetic quality of this type of restoration is due to its natural appearance and lasting chemical and optical properties [1, 2] , with its main characteristics being fluorescence, translucence, radiopacity, biocompatibility [3] , high compressive strength and a heat expansion coefficient similar to that of the dental structure. These are the characteristics that enable it to be used without metals. Nevertheless, pure ceramic restorations are very fragile and extremely susceptible to the occurrence of fractures if they are not cemented with a material that presents adhesive properties. The retention of ceramic restorations depends almost exclusively on chemical and mechanical bond to the resin cement. Therefore, one of the factors for the success of this type of restoration lies in the effectiveness of this bond [4] [5] [6] [7] [8] [9] . The bond strength between the resin cement and ceramic depends on many factors, such as the composition of the ceramic, resin cement and silane agent used, in addition to the surface treatment performed on the ceramic.
As regards ceramic surface treatments, various options have been suggested, and these are generally combinations of various methods of mechanical and chemical conditioning used to improve the bond strength at the ceramic/resin cement interface.
One type of chemical conditioning can be performed with the application of 10% hydrofluoric acid (HF), which is capable of creating irregularities on the porcelain surface, enabling micromechanical interlocking to be obtained between the resin cement and ceramic [10] . However, studies have indicated that HF must be used with caution in clinical situations, because it is caustic and may cause damage to soft tissues [11, 12] . Roughening the ceramic surface with airborne aluminum oxide particles or diamond tips is generally considered mandatory for obtaining correct bond strength [13, 14] . Another surface treatment technique that has shown to be very promising is laser irradiation. Various types of laser may be used in dental procedures, however, erbium laser (Er:YAG) is one of the most recommended for use on dental hard tissues, because its wavelength (2.94 µm) coincides with the main absorption band of water (~ 3,0 µm) and it is also well absorbed by the OH -grouping in hydroxyapatite [15, 16] . Due to its good interaction with dental structures, Er:YAG laser may be a good option for repair procedures in ceramic restorations. The bond strength to ceramic conditioned with Er:YAG laser was evaluated [17] , and in this experiment, the bond strength was only effectively higher when the laser was used in conjunction with hydrofluoric acid etching. In a similar manner, it was observed that irradiating feldspathic ceramic specimens with Er:YAG laser associated with prior airborne aluminum oxide particle abrasion was superior to using laser alone, however, it was not superior to conventional treatments with hydrofluoric acid or air abrasion used alone [18] .
On the other hand, it was verified that with the use of a hydroxyapatite-based paste on the surface to be irradiated, the action of Er:YAG laser could be potentiated when used after airborne aluminum oxide particle abrasion on feldspathic ceramic surfaces [19] . Thus, effective bonding similar to that obtained with conventional treatment with air abrasion and hydrofluoric acid, and air abrasion and irradiation with Nd:YAG laser was achieved.
In this context, since the type of surface treatment performed on a feldspathic ceramic surface could affect the bond strength of indirect restorations made with pure ceramic, it is necessary to conduct researches that establish the effects that different parameters of Er:YAG laser used for surface treatment, exert on the bond to ceramic using conventional resin cements.
MATERIALS AND METHODS
Forty-two feldspathic ceramic discs, 5 mm in diameter and 4 mm thick (Ceramco 3, Dentsply, York, USA) were fabricated according to the manufacturer's recommendations. The specimens were embedded in acrylic resin blocks, and the porcelain surface was covered with transparent tape to prevent contamination during embedding. After this, the exposed surfaces were flattened in a polishing machine The laser beam was delivered in focused mode at a focal distance 0.5 mm, with 400 mJ of energy per pulse, at a frequency 6 Hz, and the entire ceramic area was manually scanned for 40 s without water spray.
Group 6 (Er:YAG laser 400 mJ/6 Hz + HF): Er:YAG laser irradiation as described in Group 5 was followed by application of 10% hydrofluoric acid as described in Group 1.
The sandblasting with aluminum oxide particles and irradiation with Er: YAG laser was performed manually by the same operator, who trained and practiced this method, in order to promote a better standardization of the distance from the ceramic surface [20] , obtaining always comparable experimental results.
All the specimens etched with 10% hydrofluoric acid were subsequently thoroughly rinsed with distilled water for 10 s to remove the residual acid and then air-dried.
After the surface treatments, a silane agent (Silano, Coupling Agent, Dentsply Ind. Com. Ltda., Petrópolis, RJ, Brazil) was applied according to the manufacturer instructions. After this, a resin cement (RelyX TM ARC, 3M ESPE, Dental products, Seefeld, Germany), was applied according to manufacturer recommendation. Samples were then inserted into rubber-ring matrices (3 mm in diameter and 3 mm thick) and positioned firmly onto the center of the ceramic disks. Then, the resin cement was inserted into the matrix with a syringe and initially polymerized, using a light-polymerizing unit (Elipar Freelight 2, 3M ESPE, St Paul, MN, USA) with the light directed perpendicularly to the resin cement for 40 s. The rubber matrix was then carefully removed and polymerization was completed with 20 s polymerization sequences, per surface around the circumference of the cement cylinder, resulting in a total polymerization time of 100 s for each specimen. After the bonding procedures, light intensity output was measured with a radiometer (Demetron curing Radiometer 100, Kerr Demetron, Danbury, CT, USA), maintaining 600 mW/cm 2 . The specimens were stored in distilled water at 37 o C for 24 h. The samples were then submitted to a shear bond strength test (Mini-Instron 4442, Instron Corp., Norwood, MA, USA), with a load cell of 50 kgf and a cross-head speed of 0.5 mm/min. After the shear bond strength test, ceramic bonding areas were analyzed under a stereoscopic optical magnifier (Nikon 88286, 40X, Nikon, Kawasaki, Kanagawa, Japan) to assess the type of failure. This analysis enabled three types of failures to be defined: adhesive failure was considered when it occurred at the ceramic/resin cement interface; cohesive failure, when it occurred in the resin cement or ceramic, with no damage to the interface; and mixed failure was defined as involving both the interface and the material. After this analysis, one specimen of each group was sputter-coated with a goldpaladium alloy (Hummer VI Sputtering System, Anatech Ltd., Alexandria, VA, USA), examined under SEM at 15 kV (JSM-35CF, Jeol Ltd., Tokyo, Japan) and photografed at magnification x500.
The averages of each group were analyzed by oneway analysis of variance (ANOVA) and Tukey HSD test to determine the significant differences between the conditioning methods, at the significance level of p < 0.05.
RESULTS
Shear bond strength test: ANOVA (Table I) showed a significant result, being F (5.36) = 8.58, p < 0.05. This indicated that there was at least one statistically significant difference among the different levels of the experimental treatments with regard to the bond strength values. The hypothesis of nullity H0 was therefore rejected, and the alternative hypothesis H1 was accepted.
In order to exactly identify the possible differences among the various experimental treatments, the Tukey HSD multiple comparisons test was applied, at 5%. Table  II shows the multiple comparisons, and Fig. 1 SEM analysis: SEM analysis showed that Group 1 produced slight irregular surface (Fig. 1a) , whereas Groups 2 and 3 produced a moderate amount of surface relief (Figs.  1b and 1c, respectively) . Groups 4, 5 and 6 produced the surface relief with severe undercuts, which were increasing from Group 4 to Group 6 (Figs. 2a, 2b and 2c, respectively) .
DISCUSSION
The bond strength of resin cement to the tested feldspathic ceramic is dependent on the surface treatment. Thus, it could be verified that in the control group treated with hydrofluoric acid only, the bond strength values were similar to those of the groups with the best bond performance, these being: Al 2 O 3 + HF and Er:YAG laser operating in 500 mJ/4 Hz. However, the control group did not differ from the groups with lower bond strength performance, such as the groups irradiated with Er:YAG laser 400 mJ/6 Hz and 500 mJ/4 Hz + HF.
Among the chemical treatments that could be used for etching the feldspathic ceramic surface, etching with hydrofluoric acid is one of the most used methods [10, [21] [22] [23] . Hydrofluoric acid acts on the vitreous phase of the ceramic, partially dissolving it and creating retentions in the form of micropores, by exposing the areas of crystals that compose the crystalline phase [24] . These micropores increase the surface area and make it possible for micromechanical interlocking of the resin cement to occur.
With the intention of providing chemical stability between the ceramic and resin cement, the use of a silane agent has been recommended for chemically bonding the vitreous component of ceramics (SiO 2 ) to the resin cement. During the process of silane interaction with SiO 2 , the ceramic surface becomes hydrophobic and organophilic, this process being of the utmost importance in favoring intimate contact with the resinous materials. Therefore, because of being a bifunctional molecule, silane is capable of uniting with the inorganic component (SiO 2 ) of the ceramic and to the organic component (methacrylate group) of the resinous materials [25] . Therefore, the use of the silane agent is fundamental for improving the bond between SiO 2 -based ceramics, as is the case of feldspathic ceramics, and resin cements [24] . The study results developed by Stewart et al. [26] , in this context, have demonstrated that hydrofluoric acid-etching followed by silane application produced the best bonds (15.0 ± 7.4 to 21.8 ± 5.8 MPa) at 24 h and 6 months of storage with all 4 resin cements tested for bonding to the Ceramco ceramic discs. These results are in agreement with the ones found in the present study, which have observed mean bond strength of 18.80 ± 2.6 MPa for the group that used the same association (control group) for a similar ceramic.
Several studies [13, 27, 28] have verified that the association of HF and a silane agent is the most effective surface treatment, although this is not always statistically better than the other treatments involving roughening of this surface, followed by silane application. Considering that silane agent application was performed in all the groups, this affirmation corroborates the results observed in the present study, since the result of the control group (HF) was similar to those of the Al 2 O 3 + HF and Er:YAG Laser 500 mJ/4 Hz group. As regards group Al 2 O 3 + HF, in the literature it has been observed that the use of air abrasion is a prerequisite to promote the bond between ceramics and resin cements [19] . Among the existent types of airborne particle abrasion, the type with aluminum oxide particles has usually been used to clean and promote micromechanical retention to ceramics [3, [29] [30] [31] , being the initial procedure performed by prosthetic laboratories indicated for use before the process of adhesive cementation of indirect restorations. Nevertheless, neither hydrofluoric acid etching nor the association Al 2 O 3 + HF were superior to irradiating the ceramic surface with Er:YAG laser 500 mJ/4 Hz. This finding allows one to affirm that Er:YAG laser may be a promising tool for feldspathic ceramic surface treatment, particularly when dealing with repair procedures of ceramic restorations already cemented to the dental structure.
[Figura 1: Imagens de microscopia eletrônica de varredura de superfícies de cerâmica feldspática após diferentes tratamentos: a -Grupo 1 (grupo controle -HF), b -Grupo 2 (Al 2 O 3 + HF) e cGrupo 3 (laser Er:YAG 500 mJ/4 Hz).]
In intraoral procedures for the repair of ceramic restorations, hydrofluoric acid must be used very cautiously, as this acid consists of dangerous components that are irritating to oral soft tissues [32, 33] . Whereas, air abrasion is characterized as being a procedure that involves a great deal of manual dexterity by the professional, so that excessive wear does not occur in integral regions of the ceramic restoration. In addition, it is necessary to use high powered suction equipment to remove the aluminum oxide particles to avoid any type of discomfort to the patient during the procedure.
The clinical use of Er:YAG laser on dental substrate has been well established in the literature, as it acts by thermomechanical ablation, vaporizing the water that constitutes the tissues [15, 16] . This vaporization causes an expansion followed by microexplosions, that produces the ejection of both organic and inorganic particles from these tissues, promoting the appearance of a dentinal surface with open tubules and without smear layer [23, 34] and an irregular enamel surface. These alterations promote an increase in the penetration of resin monomers and favor the bond to these substrates [35, 36] . From this, it seems that this laser can be used to create irregularities on ceramics' surface from different types, and enhance the bond strength between these materials and resin cements [18, 19, 37] .
In a previous study [18] it has been used the same laser equipment operating in 500 mJ/4 Hz for 2 min on feldspathic ceramic surfaces and it was observed low bond strength (mean shear bond strength was 3.67 MPa), this being similar to the group that received no type of treatment (4.15 MPa), and also those that were etched with phosphoric acid (3.08 MPa) or acidulated phosphate fluoride (5.41 MPa). On the other hand, it has been verified that with the introduction of a hydroxyapatite-based paste on the ceramic surface before irradiation with the same laser (500 mJ/4Hz for 20 s) promoted bond strength values (11.18 MPa) similar to those of the group treated with the association of air abrasion with Al 2 O 3 particles + HF (10.71 MPa) [19] . Based on these previous studies, the proposal of the present study was to use an intermediate irradiation time (40 s), varying the energy and frequency, without the use of hydroxyapatite paste. In this context, it was observed that Groups 400 mJ/6 Hz, 400 mJ/6 Hz + HF, and 500 mJ/4 Hz + HF showed similar values among them and statistically lower values in comparison with Group 500 mJ/4 Hz, which showed the influence of both the frequency of pulses used and whether or not hydrofluoric acid etching was performed. However, all irradiated groups of this study presented higher bond strength means (minimum of 11.59 and maximum of 21.80 MPa) when compared to the previous studies [19] .
When one analyzes the influence of the frequency of pulses and energy density on the capacity of Er:YAG laser to remove the substrate that is being irradiated, one observes studies in the literature [38] [39] [40] that affirm that the increase in the pulse repetition rate seems to influence the effectiveness of dental tissue removal more intensely than the increase in energy. This finding is in agreement with the results that were verified in the present study, in which Group 400 mJ/6 Hz presented lower bond strength values than group 500 mJ/4 Hz, a fact that can probably be explained by the larger removal of ceramic substrate in the group in which the larger frequency of pulses was used. This may have caused the formation of extensive areas of porosity (which can be observed on SEM images) that could not be completely filled with adhesive material and resulted in lower bond strength, and the occurrence of 57.14% of mixed failures in this group. A further experiment should clarify whether the repetition rate itself (potentially via temperature) and the number of pulses per surface area is the essential parameter. A similar fact must have been promoted by the association of irradiation with Er:YAG laser and etching with HF, because when both parameters used were associated with HF, low bond strength values were obtained. However, it was observed that HF acid etching was the most effective surface treatment method for a feldspathic ceramic when compared with laser irradiation with either the Er:YAG or Nd:YAG laser, when using the resin cement Panavia F [41] . Based on this fact, the authors suggested that the laser application should be combined with HF acid etching.
Besides the determination of the adhesion values, the failure modes were examined as well in this study to get further information about the probable success of a pretreatment method under clinical conditions. In general, a cohesive failure mode within the ceramics indicates that the adhesion of the resin material to the ceramic is higher than the shear strength of the ceramic. Due to the fact that the performance of the Ceramco blocks is well established in other studies [26, 42, 43] with shear bond strengths ranging from 11 to 28 MPa and with flexural stress of 70 MPa [44] , the observation of mainly cohesive failure may lead to the conclusion that the adhesion of the resin cement to the ceramic, regardless its surface treatment, is sufficient within the limits of this study. Nevertheless, the occurrence of cohesive failures can also be attributed to the bond test employed. Many studies that used conventional shear bond test observed that this methodology often produces fracture away from the adhesion zone [30, 4 3] . Such failures of the substrate prevent measurement of interfacial bond strength and limit further improvements in bonding systems.
Several studies have identified non-uniform stress distributions along bonded interfaces [45] [46] [47] . The nonuniform interfacial stress distribution generated for conventional tensile and shear bond strength tests initiate fractures from flaws at the interface or in the substrate in areas of high stress concentration [48] . Therefore, analyzing the results of the present study, one might consider that the surface treatments applied to ceramic could have caused these possible flaws within the body of the ceramic material, and consequently, the occurrence of cohesive failures.
Finally, as the shear bond strength tests in the present study were performed after storing the specimens for only 24 h, it would be interesting to know whether the bond strength values obtained could be maintained through long periods of time, since little is known about the ceramic surface resulting from irradiation with Er:YAG laser. Therefore, further studies are necessary for better elucidation of the effects that this technology could exert on the bond of different ceramic materials to resin cements over the course of time, as well as the clinical feasibility of its application.
CONCLUSION
The group irradiated with Er:YAG laser with the parameter set to 500 mJ/4 Hz obtained results similar to the groups that received conventional treatment, such a hydrofluoric acid etching and the association of airborne aluminum oxide particle abrasion and hydrofluoric acid, and was superior to the other groups irradiated with Er:YAG laser.
